Spin-orbit Hanle effect in high-mobility quantum wells 
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We study the depolarization of optically oriented electrons in quantum wells subjected to an 
in-plane magnetic field and show that the Hanle curve drastically depends on the carrier mobility. 
In low-mobility structures, the Hanle curve is described by a Lorentzian with the width deter- 
mined by the effective p-factor and the spin lifetime. In contrast, the magnetic field dependence 
of spin polarization in high-mobility quantum wells is nonmonotonic: The spin polarization rises 
with the magnetic field induction at small fields, reaches maximum and then decreases. We show 
that the position of the Hanle curve maximum can be used to directly measure the spin-orbit 
Rashba/Dresselhaus magnetic field. 

PACS numbers: 72.25.Rb, 73.21.Fg, 71.70.Ej 



The absorption of circularly polarized light in semicon- 
ductor structures is known to result in spin orientation 
of photocarriers, which leads, in turn, to the circular po- 
larization of recombination radiation QH3. The polar- 
ization of secondary radiation can be suppressed by ap- 
plying the magnetic field perpendicularly to the initial 
light beam. Such an effect, first described by W. Hanle 
in 1920s for quicksilver atoms [3], enables physicists to 
obtain valuable information on the spin lifetime and ef- 
fective g-factor. Typically, the Hanle curve is described 
by the Lorentz function that reaches maximum at zero 
magnetic field and monotonically decays with the field 
increase. It was also shown that the dependence of spin 
polarization on the external magnetic field can be anoma- 
lous if electron or hole spins are affected by additional 
magnetic moments of nuclei [H, [B| or magnetic ions Q . 
The Hanle curves measured in such systems do not follow 
the Lorentz function and can be even nonmonotonic. 

In this Letter, we study the effect of an in-plane mag- 
netic field on spin dynamics of optically oriented electrons 
in quantum wells (QWs). We show that the form of Hanle 
curve drastically depends on the electron gas mobility 
even in non-magnetic structures. In low-mobility quan- 
tum wells, the Hanle curve is described by a Lorentzian 
with the width determined by the effective electron g- 
factor and spin lifetime. Surprisingly, the magnetic field 
dependence of spin polarization in high-mobility struc- 
tures is nonmonotonic: The polarization rises with the 
field induction at small fields, reaches maximum and then 
decreases. Such a behavior is caused by spin-orbit split- 
ting of electron states. The position of the polarization 
maximum can be used to directly measure the effective 
Rashba or Dresselhaus magnetic field. 

We consider a common n-type QW structure grown 
along the crystallographic axis z || [001] which is sub- 
jected to an in-plane magnetic field B. The structure 
is excited by normally-incident circularly polarized light 
which creates spin polarized electrons at the rate G. The 
geometry is sketched in the inset of Fig. 1(b). In (001) 
QWs, the spin relaxation of electrons is determined, in 
the wide range of temperature and carrier density, b 
the D'yakonov-Perel' spin relaxation mechanism |7|, 
The mechanism is based on the precession of individ- 



ual electron spins in the effective Dresselhaus and/or 
Rashba magnetic fields originating from spin-orbit inter- 
action in non-centrosymmetric structures (for a review, 
see Refs. 0, H^). In the framework of kinetic theory, the 
steady-state distribution function Sk of electron spins in 
k-space is described by equation 



Sk x (n L + fi k ) = g k - 



Sk - (s k ) 



(1) 



Here, fir, is the Larmor frequency corresponding to the 
external field B, its components are given by Sl^ Q = 
(/^_b/^)X]/3 QafiBp, g a j3 is the g-factor tensor, fl*. is the 
precession frequency in the effective magnetic field, gk 
is the spin generation rate in the states with the wave 
vector k, r is the isotropization time of the spin distribu- 
tion function, and the angular brackets denote averaging 
over the direction of k. We assume that resident elec- 
trons form the degenerate two-dimensional gas and gk is 
nonzero only in vicinity of the Fermi level [ill . [l2| . Then, 
the spin polarization is determined by the effective field 
and isotropization time at the Fermi level. Equation (TTJ) 
yields 



Sk 



Ck + mxCk + T 2 o(rj-Ck) 



i + n 2 r 2 



(2) 



where Ck = (sk) + gk^ and $7 = + Ok- The closed 
equation for (sk) can be found by avera ging both sides of 
Eq. ([2]) over the wave vector directions [13| . For the case 
where gk is independent of the direction of k, gk = g, 
such a procedure gives 

[((sk) + gr) x Cl] a =g a -^2 f a p((sk)p + gpr) , (3) 



where 

n = 



i + n 2 r 2 



5 r Q/ 3 



2_2 



i + n 2 r 



^r. (4) 



In (OOl)-grown quantum wells, the effective magnetic 
field is linear in the wave vector and consists of the 
Rashba and Dresselhaus contributions @. The corre- 
sponding frequency f2k can be presented in the form 



[(ft D + n R )k y /k F , (Vt D - fl R )k x /k F , 0] , (5) 
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where fin and Qr are the precession frequencies in the 
Dresselhaus and Rashba effective fields at the Fermi level, 
respectively, kp is the Fermi wave vector, x || [110] and 
y || [110] are the in-plane axes. Note, that the g- factor 
tensor is diagonal in this coordinate frame. Solution of 
Eq. ([3]) for arbitrary parameters VId and £Ir is compli- 
cated and can be found numerically. However, it has the 



simple form provided the frequency magnitude is 
independent of the direction of k which occurs if either 
51d or 51 r is zero. In particular, in the case of Rashba 
splitting and the spin generation along the QW normal, 
the out-of-plane and in-plane components of the total 
electron spin S = X)k Sk have the form 



VrtG z 



(nl-nl)2 T 2 + nl 1 + y/i + (n R + ^ivyi + (n R - n L ) 2 r 2 



(G) 



40 L x G 



(7) 
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S,| a T,T\\ n L xG 



T Z G Z , (9) 



where G = g is the spin generation rate. Similar dependences of the spin components have the form 
equations for the Dresselhaus splitting are obtained from 
Eqs. © and ([7]) by replacing Qr with fin- 

Shown in Figs. 1(a) and (b) are the magnetic field de- 
pendences of the spin components S z and S x plotted for 
B || y and different products £Irt. At Urt <C 1, the 
field dependences of the spin components are described 
by classical Hanle curves 



One can see that dS z / dB = at zero magnetic field while 



S z = 



T Z G Z 



T z Tn n L xG 



n 2 L T z T {l 



1 



ti\T z T\\ 



(8) 



which also follow from Eqs. ((6j) and ([7]). Here, T z = 
1/(£I r t) and Tj| = 2/{VI r t) are the out-of-plane and 
in-plane spin relaxation times in the collision-dominated 
regime Q. The dependences S Z (B) and S X (B) given by 
Eqs. ([8]) are shown by dashed curves. In QWs with high 
electron mobility and strong spin-orbit coupling, where 
the parameter Qrt is large, the magnetic field depen- 
dence of the electron spin drastically changes. Instead 
of a monotonic decrease with the field, S Z (B) rises first 
with the field, reach maximum, and decreases as l/£> 4 
at high fields, see Eq. © and Fig. 1(a). At Q r t > 1, 
the Hanle curve S Z (B) reaches maximum in the mag- 
netic field where fii, = FIr. This can be used in experi- 
ment for the direct measurement of the effective magnetic 
field. The electron spin 5*2 reaches the value G z /(2£Ir) 
at Ql — Qr that is independent of the scattering time 
and much larger then S z (0) = G z /(CI r t). Wc also note 
that the field dependence of the in-plane spin component 
changes qualitatively with the increase of Qrt as well 
[Fig. 1(b)]. In high-mobility QWs, S X (B) exhibits the 
sharp rise at il^ m Hr and exceeds S z (0), which does 
not occur in the collision-dominated regime. 

Equations (jB]) and (J7J allow us to analyze the Hanle 
curves at small fields. To second order in Jl^, the field 




FIG. 1: Dependences of S z and S x on the magnetic field 
B || y plotted after Eqs. ([6]) and © (solid curves) and classical 
Eqs. ([8]) (dashed curves) for different Q.rt. Inset in panel (b) 
illustrates the geometry of experiment. 
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FIG. 2: Distributions of the frequency ft — ftL + £Ir in k- 
space for two particular cases: (a) CIl = and (b) £Il \\ x 
and I Oil = \Sl R \. 



the sign of d 2 S z /dB 2 is determined by Qrt. The com- 
ponent S z decreases or increases with the field induction 
if Qrt < or > y/2, respectively. Such a transition 
from classical to anomalous Hanlc effect is clearly seen 
in Fig. 1(a). However, the deviation of S Z (B) from the 
Lorenz function (JS)) is already considerable for ft rt = 1. 

The increase of S z in the in-plane magnetic field and 
its maximum at fi^ = Qr in high-mobility structures 
can be understood by analyzing the dynamics of spin 
polarized electrons in the external and effective magnetic 
fields. Figure 2 illustrates the distributions of the fre- 
quency f2 = fii, + r2_R, which determines the spin preces- 
sion of individual electrons, in k-space. Panel (a) corre- 
sponds to Ql = 0, panel (b) corresponds to Q,l \\ y and 
|fli| = |Or|. In the absence of external magnetic field 
[Fig. 2(a)], the electron spins initially oriented along the 
QW normal rapid ly p recess in the effective field with the 
frequency n R [n|, HI EMI • Such a precession results in 
a small time-average spin 5^(0) = G z /(VL 2 r t) that is mea- 
sured in the regime of continuous-wave pumping, where 
the generation rate G is constant on the spin lifetime 
scale. The external in-plane magnetic field B changes 
the magnitude and direction of Q. thereby affecting the 
spin dynamics. In particular, the external field with the 
Larmor frequency = \Hr\ compensates the effec- 

tive field in a certain point at the Fermi circle. This 
is the point ko = (fcp,0) in Fig. 2(b). In the vicinity 
of ko, Jl vanishes and the electron spins do not precess 
conserving their orientation. Such a suppression of spin 
dephasing results in the increase of S z at \CIl\ ~ \Qr\ in 
high-mobility QW structures. 

Generally, the effective magnetic field in asymmetric 
(OOl)-grown QWs consists of both Rashba and Dressel- 
haus contributions. It leads to an in-plane anisotropy of 
spin properties such as spin relaxation rate and effective 
(/-factor fl7l - l2~i| . Our analysis shows that the spin dy- 
namics in asymmetrical quantum wells is similar to that 
considered above. Depending on the strength of spin- 
orbit splitting, OkT, the Hanle effect in the in-plane mag- 
netic field demonstrates classical or anomalous behavior. 
However, the Hanle curve depends on the orientation of 
the field B if both Rashba and Dresselhaus terms are 
present. Moreover, it can happen that S z monotonously 
decreases with the field for some orientations of B while it 



exhibits nonmonotonic behavior for other B orientations. 
An example of such strongly anisotropic dependence of 
S z on the in-plane field is shown in Fig. 3. In this partic- 
ular case, S* Z (B) is a monotonic function for B || y and 
nonmonotonic function for B || x. 

In high-mobility QW structures, the dependence S z 
on the in-plane field has a sharp maximum at fi^ sa Cl* L 
where the frequency H = 17 £ + £Ir + 17 vanishes for 
a certain wave vector at the Fermi circle. In the limit 
Qrt, Qdt~ 3> 1, the frequency Q* L is given by 



1 



cos z 



{n R + n D ) 2 (n R -n D ) 2 ' 



(10) 



where (f> = arctan^^.y/fi^) is the angle between Ql 
and the x axis. The out-of-plane spin component S z in 
this magnetic field reaches the value 




tt D ) 2 sin 2 + (Qr - tt D ) 2 cos 2 
n D ) A sin 2 (j}+ {Q R - n D ) 4 cos 2 4> 

(11) 

independent of the relaxation time r. The study of the 
angle dependences of fi£ and S Z (Q* L ) in experiment can 
help in determining the coefficients of spin-orbit splitting 
of electron subbands in QWs. 

To summarize, we have studied the spin dynamics of 
optically oriented electrons in quantum wells in the in- 
plane magnetic field. It has been shown that the inter- 
play of spin-orbit and external magnetic fields leads to 
an anomalous Hanle effect in high-mobility structures. 
We have derived an analytical expression for the Hanle 
curves in structures with arbitrary strength of spin-orbit 
coupling, which can be used for fitting experimental data 
and determining the spin-orbit magnetic field. 




FIG. 3: Dependence of S z on the in-plane magnetic field of 
different orientation for f2_or = 2 and SIrt = 1. 
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